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ABSTRACT: Poly(ether ketone ketone) (PEKK) is a semicrystalline
polymer investigated for highly demanding applications in aerospace,
transportation, electronics, and oil & gas industries. The properties required
for these applications, such as thermomechanical and chemical stability, are
intimately linked to the crystalline state of the material. PEKK exhibits a
polymorphism that depends, among other factors, on its thermal history.
The control and quantification of the crystalline state of PEKK is the
subject of this study. Amorphous PEKK (T/I = 60/40, where T stands for
terephthalic and I for isophthalic units) films were cold-crystallized at
various crystallization temperatures, TC, from 180 to 280 °C in a ventilated
oven. Based on a quantitative analysis of small-angle X-ray scattering
(SAXS), wide-angle X-ray scattering (WAXS), and differential scanning
calorimetry (DSC) data, we propose for the first time a methodology to
obtain detailed information about the crystalline state of PEKK: total crystallinity, relative amount and stability of crystalline forms,
form I and form II, and melting enthalpy of 100% crystallized PEKK. The evolutions of each crystalline form and the total
crystallinity with TC were deduced. The amount of each crystalline form, form I and form II, can be tuned by controlling the heating
rate to 280 °C. The evolution of the crystalline lamellar thickness and periodicity as well as the crystalline amount and cell
parameters with TC were interpreted and discussed in relation to the published results on PEEK, PEKK (100% T), and PEKK (100%
I). Finally, the melting enthalpy of a 100% crystallized PEKK copolymer (T/I = 60/40), ΔHm100% = (202 ± 20) J/g, was estimated.
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1. INTRODUCTION
Semicrystalline polymers are increasingly used as structural
materials in industrial sectors such as aerospace, automotive,
and oil & gas industries. They exhibit outstanding physical
properties due to their particular organization. They crystallize
only partially and are composed of crystalline lamellae that
alternate with the amorphous phase. Most of the macro-
molecular chains participate in both phases, being organized in
the crystal lamellae and disordered and entangled in the
amorphous phase. Macroscopic properties, such as mechanical,
optical, ferroelectricity, thermal stability, or permeability,
depend on the crystalline structure, the entanglement density
of the amorphous phase, and the semicrystalline morphol-
ogy.1,2 The crystalline structure and morphology of semi-
crystalline polymers are defined by the chemical structure and
flexibility of the macromolecular chains and also by the process
used to prepare polymer parts.3,4 Moreover, for polymers
exhibiting relatively slow crystallization rates, the crystalline
structure may evolve during post-process treatments or during
use.5
It is mostly the crystalline structure that defines the
macroscopic properties. Moreover, a number of semicrystalline
polymers exhibit polymorphism.6−9 For example, poly-
(vinylidene fluoride) (PVDF) can crystallize in five crystalline
phases, characterized by different molecular conformations
along the chain.7 Among these crystalline structures, only one
phase exhibits ferroelectric and piezoelectric properties.7 The
impact of polymorphism on mechanical properties has been
particularly studied.10,11 Numerous publications describe this
influence in syndiotactic polystyrene,8,12 syndiotactic poly-
propylene (s-PP),10 various polyamides, such as PA613 or
PA11,14 or in poly(L-lactic acid) (PLLA).15 Polymorphic
transformations during stretching have also been reported in s-
PP,10 PVDF,7 or PA1114 and play a key role in mechanical
behavior. Although the relationship between polymorphism
and mechanical properties is particularly well documented, the
crystalline structure can influence other macroscopic properties
such as permeability.15 For these semicrystalline polymers, the
strong link established between the crystalline structure and
macroscopic properties gave rise to numerous structural
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studies aimed at obtaining and quantifying these specific
crystalline phases. This is particularly the case for PVDF7 and
s-PP.10
In this study, we are interested in poly(ether ketone ketone)
(PEKK), a high-performance semicrystalline polymer showing
polymorphism for which no clear relationship has been
established with macroscopic properties. PEKK has out-
standing high-temperature performance, high stiffness, tensile
and compressive strength, and impacts resistance. PEKKs are
prepared from diphenyl ether (DPE), terephthalic acid with
para-phenyl links (T units), and isophthalic acid with meta-
phenyl links (I units).16 By varying the T/I ratio, the symmetry
and the architecture of the aromatic macromolecule change,
while the chemical composition remains the same. A variety of
kinetics and crystallization states is associated with this
adjustable T/I parameter.17
The crystallization of polymers of the poly(aryl ether
ketones) (PAEK) family has been studied since the
1980s.18−20 It is noteworthy that in PAEK, the glass transition
and melting temperatures increase slowly and continuously
with the ketone content, 33% ketone for poly(ether ether
ketone) PEEK (Tg = 133 °C; Tm = 335 °C), 50% for PEK (Tg
= 150 °C; Tm = 365 °C), 60% for PEKEKK (Tg = 153 °C; Tm
= 370 °C), and 67% for PEKK (Tg = 160 °C; Tm = 385
°C).21,22 For the ketone content higher than 50%, two
crystalline phases, namely, form I and form II, appear
depending, for instance, on whether the polymer is crystallized
from the melt or the glassy state.20 The details on the relative
amount and stability of each form are still unknown. This
polymorphism was first studied in PEKK in the years 1992−
1996 by X-ray diffraction (wide-angle X-ray scattering,
WAXS), thermal analysis (differential scanning calorimetry,
DSC), and transmission electron microscopy (TEM).17,22−24
More recently, with the development of the PEKK materials
for use in additive manufacturing and thermoplastic
composites, new studies have been published.25−27 The
authors focus on the influence of the T/I ratio on the kinetics
of crystallization,28 on the dynamical mechanical properties,29
as well as on the influence of the thermal history on the
mechanical properties.30
Most often, the two crystalline forms, form I and form II,
coexist in PEKK and it is not clear how to promote one or the
other or if thermal or mechanical transitions between these two
forms exist. Nonetheless, these may be crucial pieces of
information for applications. As an example, for laser sintering
additive manufacturing, the crystallization state of the powder
is a key parameter conditioning the process parameters.31,32 To
improve our knowledge in this field, the first essential step is to
quantify the proportion of these two crystalline forms in
PEKK, their melting temperature, and the global crystalline
ratio. The first goal of this present study is to develop a
quantitative method to analyze WAXS spectra. WAXS spectra
analysis, based on the peak-fitting method, is detailed,
compared with the absolute method published by Ruland in
1961;33 its advantages and limitations are discussed.
Armed with this method, the second objective is to study the
influence of cold-crystallization conditions (CC) on the
structure and morphology of PEKK. PEKK films have been
prepared with different amounts of crystalline form I and form
II by cold crystallization at different temperatures and then
studied by X-ray diffraction and thermal analysis. The peak-
fitting method leads to a weight crystallinity (χc
w) close to the
value deduced from the absolute method and in addition
provides quantitative information on each crystalline form, the
crystallinities (χcI
w and χcII
w ), and the cell parameters. The
analysis of the small-angle X-ray scattering (SAXS) spectra
provided a measure of the crystalline lamellar thickness and
periodicity for each crystallization temperature. Finally, in situ
WAXS experiments along a thermal ramp, carried out at the
Soleil synchrotron facility, allowed us to associate various
melting endotherms with the specific crystalline forms (form I
and form II). This new knowledge will be very useful to
understand the impact of the crystallization state on applicative
properties.
2. EXPERIMENTAL SECTION
2.1. Materials. The PEKK used in this study was provided by
Arkema34 as an amorphous 50 μm thick film (density at 23 °C = 1.27
g/cm3).35 It was obtained by cast extrusion of PEKK 6002 resin,
which was prepared from diphenyl ether (DPE), terephthalic acid (T)
with para-phenyl links, and isophthalic acid (I) with meta-phenyl links
with a T/I ratio of 60/40 (Figure 1). PEKK 6002 has a weight-average
molecular weight (Mw) of ca. 70 kg/mol.
28
Among the commercially available grades of PEKK,34 this T/I ratio
is particularly interesting and widely used29,25 because it crystallizes
slowly.22 Thus, depending on the process used, amorphous or
semicrystalline material can be obtained. It is therefore essential to
understand and manage how thermal treatment can induce the cold
crystallization of the material.
Pieces of the PEKK 6002 film with a dimension of 5 × 10 cm2 were
put on Teflon sheets in perforated aluminum boxes in a ventilated
oven preheated at the temperature of crystallization, TC. After 24 h,
the boxes were taken out of the oven and cooled down in an ambient
atmosphere. TC is fixed at 180, 200, 230, 250, and 280 °C. The
estimated heating and cooling rates are around 15 °C/min. For
comparison, an additional sample was prepared by melt crystal-
lization; after 5 min in the melt at 360 °C, the sample was cooled (40
°C/min) and crystallized 4 h at 280 °C, in the DSC oven.
2.2. Differential Scanning Calorimetry (DSC). DSC measure-
ments were performed using a Q1000 series TA Instruments. Disks of
polymer films were cut using a cylindrical shape punch (diameter 3 or
6 mm) and stacked in a DSC aluminum pan to reach 7−10 mg. The
first heating ramp was set at 10 °C/min under nitrogen flow (50 mL/
min) from 20 to 350 °C unless otherwise stated.
2.3. Simultaneous SAXS−WAXS Experiments. Simultaneous
SAXS−WAXS experiments were performed on the Nano-inXider SW
(Xenocs, Sassenage, France) system in the transmission mode using
Cu Kα radiation (λ = 1.54 Å) from an X-ray microsource (GeniX3D)
operating at 50 kV−0.6 mA (30 W). Scattering patterns were
collected using the combination of two detectors, Pilatus3 (Dectris),
operating simultaneously in SAXS and WAXS positions. The entire
system, from the source to the sample and to the two detectors, is
under vacuum. Distances between the sample and the SAXS and
WAXS detectors are fixed, allowing a continuous q range between
0.01 and 4.2 Å−1 (2θ range between 0.15 and 62°). The X-ray beam
spot has a diameter of 800 μm. SAXS and WAXS patterns were
recorded for 600 s. The corrected two-dimensional (2D) data were
azimuthally integrated using Foxtrot data reduction software (version
3.4.9),36 then normalized to the number of transmitted photons and
to the sample thickness. After subtraction of a blank (spectra without
Figure 1. Chemical structure of PEKK copolymers with a random
distribution of T−T and T−I units.
sample), the SAXS and WAXS profiles (IRaw(q), IRaw(s), or IRaw(2θ))
were treated to extract quantitative structural values. The scattering
vectors q and s are defined as π π= × = θ
λ
q s2 4 sin , where 2θ is the
Bragg angle.
WAXS spectra, IRaw(2θ), were fitted using Fityk 0.9.8 software
37 in
a wide 2θ range [5, 60°]. With this software, the WAXS spectrum was
decomposed into crystalline and amorphous contributions. The
crystalline peaks are associated with sharp peaks, located at the Bragg
angle 2θhkl, while broad peaks fit the amorphous signal.
The interplanar distance dhkl (distance between the (hkl) planes
into the crystalline phase) was deduced from the Bragg angle 2θhkl
using the Bragg law
θ λ· =d2 sinhkl hkl
The weight crystallinity χc
w was calculated using the following
equation
χ = = +
A
A




Ac is the sum of the integrated intensities of the crystalline peaks, At is
the total integrated intensity, and Aa is the total integrated intensity of
the amorphous halo. Ac, At, and Aa are calculated in the required wide
2θ range from 5 to 60° (q from 0.36 to 4.1 Å−1). The resulting weight
crystallinity, calculated in this wide 2θ range will be compared to the
absolute crystallinity calculated from the Ruland method.33 Although
this peak-fitting method for crystallinity calculation is widely
reported,38−41 it is not often used in this wide 2θ range.
To apply the absolute method, WAXS spectra, IRaw(s), were first
corrected from absorption, polarization, and the Lorentz factor using
XSACT software (Xenocs).42 Then, the corrected WAXS spectra,
Icorr(s), were normalized to absolute units and the calculated
incoherent intensity, Iincoh(s), was subtracted. The used procedure is
detailed in refs 43, 44. Intensities from crystalline peaks, Ic(s), were
extracted from the total coherent intensity, I(s), without refinement
treatment. The full procedure is reported in the Supporting
Information.
In semicrystalline polymers, crystals grow to form crystalline
lamellae. These lamellae are periodically organized, and the
amorphous phase is intercalated between the crystalline lamellae. A
correlation peak characterizing this periodic organization can be
observed in SAXS spectra. The period of this organization, LP, named
the ≪long period≫, the ≪long spacing≫, or the ≪lamella






In this study, a more quantitative analysis of SAXS profiles was
performed, the one-dimensional (1D) electron density correlation
function, K(z), along the lamellar normal direction z, was calculated.
This calculation was integrated with XSACT software.42 The
crystalline lamellar thickness (Lc) and periodicity (LP) can be derived
from K(z).45 The detailed procedure used for this calculation was
already published46
= +L L LP c a
where La is the thickness of the amorphous phase in between two
crystalline lamellae.
2.4. In Situ WAXS Experiments during Crystalline Phase
Melting. In situ WAXS experiments were carried out on the high
brilliance SWING beamline at the Soleil synchrotron facility (project
no: 20170187). The beam energy was set at 17 keV, leading to a
wavelength of 0.73 Å. Diffraction patterns were recorded using a CCD
detector at 50 cm from the sample. The acquisition time was set to 1 s
every 10 s. PEKK films (50 μm thick) were put in between two mica
sheets (25 μm thick) in a Linkam THMS 600 heating plate controlled
by a T96 controller and cooled by liquid nitrogen. The heating rate
during in situ analyses was set to 10 °C/min. 1D WAXS pattern curves
were obtained by circular averaging of the 2D images using Foxtrot
software.
3. RESULTS
Simultaneous SAXS−WAXS experiments were performed on
as-received PEKK 6002 films and after cold crystallization for
24 h at a temperature ranging from 180 to 280 °C. No
significant orientation appears on 2D SAXS and WAXS images.
Isotropic images were then azimuthally integrated to obtain
SAXS and WAXS profiles.
The as-received film was amorphous, as no Bragg peaks were
detected on the WAXS spectrum (Figure 2a) and no
correlation peak appeared on the SAXS spectrum, as we will
see in Section 3.3. After crystallization, SAXS and WAXS
diffraction peaks appeared. Their position and intensity depend
on the crystallization temperature.
3.1. Crystalline Phases and Crystallinity, WAXS
Spectra. First, the quantitative analysis of WAXS spectra,
based on a peak-fitting method using Fityk software37 will be
presented, and then these results will be compared with the
method proposed by Ruland in 196133 for the calculation of
the absolute crystallinity of polymers.
3.1.1. Quantitative Peak-Fitting Analysis of WAXS
Spectra. In the WAXS spectra of Figure 2a, the Bragg peaks
from the two crystalline forms, form I and form II, are
observed. In Figure 2d, a pure form I film is reported, and this
film was crystallized from the melt during 4 h at 280 °C. The
proportion of each form depends on the crystallization
temperature. The amount of form I, ΦI, the total weight
crystallinity, χc
w, and the weight crystallinity of form I and form
II, χcI
w and χcII
w , were quantified using the following equations
































where AI and AII are the areas under the fitted crystalline peaks
associated, respectively, with the crystalline form I and form II,
Ac = AI + AII and Aa is the integrated intensity of the
amorphous halo.
The first step is to separate the intensity contributions
arising from the crystalline and the amorphous regions and
calculate AI, AII, and Aa. To do so, the WAXS spectra were
decomposed using Fityk software,37 with broad and sharp
peaks, respectively, associated with the amorphous and
crystalline phases. As the as-received sample is amorphous,
its WAXS spectra were used to define the shape of the
amorphous halo. Three broad pseudo-Voigt peaks were used
to model this halo (Figure 2c). This amorphous halo
characterizes PEKK amorphous samples, while for the
semicrystalline films, some small deviations from this shape
are allowed because small evolutions of the amorphous phase
constrained between crystalline lamellae have been already
observed.47 Knowing the orthorhombic cell parameters of the
form I and form II,24 the interplanar distances, dhkl
I and dhkl
II ,
associated with each crystalline form can be calculated using
the following expression (see Figure S1 in the Supporting
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Then, each measured Bragg peak was attributed to a specific
crystalline form I or form II. In Figure 2b,d, WAXS spectra
indexation of pure form II and form I are shown. Form II with
only small traces of form I was obtained after cold
crystallization at 230 °C, while the pure form I was crystallized
from the melt at 280 °C.
In some cases, the calculated interplanar distances of form I
and form II are very close, for example, d200
I of form I and d110
II
of form II (Table 1), and their corresponding calculated Bragg
peaks are too close to be resolved, which leads to a single
broad diffraction peak observed at 2θ ∼ 22.7°. To obtain a
reliable calculation of ΦI, the existence of all of the calculated
diffraction lines reported in Table 1 was imposed for the
decomposition of the WAXS spectra and constraints for some
adjustable parameters, such as widths and/or relative
intensities, were applied for specific Bragg peaks. Only the
Bragg peaks located at Bragg angles 2θ < 30° (i.e., interplanar
distances higher than 3 Å) are considered for the calculation of
ΦI. The detailed procedure used for peak fitting is reported in
the Supporting Information.
Results for the film crystallized at 180 °C are shown in
Figure 3a. The evolutions of the total weight crystallinity, χc
w,
and the crystallinity relative to form I and form II, χcI
w and χcII
w ,
with the crystallization temperature, are reported in Figure 3b.
Figure 2. Evolution of the WAXS spectra for the different crystallization temperatures TC. (a) Superposition of the spectra. (b) Decomposition of
the WAXS spectra of form II (with traces of form I) in amorphous (gray) and crystalline peaks (green) for TC = 230 °C. (c) As-received film with
the decomposition of the amorphous signal in three broad peaks (dotted gray lines). (d) Decomposition of the WAXS spectra of form I in
amorphous (gray) and crystalline peaks (red) for a sample melt-crystallized 4 h at 280 °C. In (b), (c), and (d), the blue lines correspond to the sum
of the broad and sharp peaks obtained after the peak fitting, while the black lines correspond to the experimental spectra before the baseline
subtraction.
Table 1. Calculated Interplanar Distances, dhkl, and Bragg
Angles, 2θhkl, for the Form I and Form II Using Published
Cell Parameters24 and Comparison to the Observed Bragg
Angles
form I
a = 7.78 Å, b = 6.10 Å,
c = 31.13 Å
form II
a = 4.17 Å, b = 11.08 Å,














(020) 5.54 16.0 15.7
(023) 4.89 18.15 17.9
(110) 4.80 18.48 18.5
(113) 4.36 20.38 20.5
(200) 3.89 22.86 (110) 3.90 22.79 22.5−23.0
(113) 3.65 24.37 23.7
(116) 3.52 25.28 25.7
(106) 3.25 27.44 27.9
(213) 3.13 28.54 28.8
(040) 2.77 32.32 31.7
The WAXS spectra evolve significantly with the crystal-
lization temperature. At TC = 230 °C, PEKK 6002 crystallizes
almost exclusively in form II; the amount of form I is very low
ΦI = 2%, and the sample has the highest crystallinity, χcw =
18.5% (χcI
w = 0.4% and χcII
w = 18.1%). For TC = 180 and 280 °C,
the amount of form I is around 46%. The lowest crystallinity is
measured for the lowest crystallization temperature, 180 °C, χc
w
= 12%.
3.1.2. Absolute Crystallinity Deduced from the Ruland
Method. Published by Ruland in 1961,33 the first method of
absolute measurement of the polymer crystallinity was only
applied to a limited number of polymers.43,48,49 The idea
developed in this method is that even if the crystalline and
amorphous contributions of the WAXS spectrum can be
separated, their respective intensities cannot be unambiguously
attributed to the crystalline and amorphous weight fractions
because atomic thermal vibrations and lattice imperfections
reduce the Bragg peaks intensity and increase the amorphous
diffusion. The Ruland method endeavors to take into account
these crystalline intensities lost in the amorphous diffusion by
introducing a contribution of the disorder. The absolute
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where s is the reciprocal space vector ( = θ
λ
s 2 sin ).
R is a ratio of two experimental intensities, I(s) is the
coherent intensity obtained after normalization in absolute
units and subtraction of the calculated incoherent intensity,
and Ic(s) is the crystalline peak intensity extracted from I(s)
(details in the Supporting Information).
K is calculated from f s( )2 (the weighted mean-square








) and D is the disorder
function (D(s) = exp(−ks2)). In this expression, k includes the
effect of thermal motion as well as lattice imperfections in
general.33
The computation of the coherent and incoherent intensities,
then the integrations and normalization, must be done from a
lower limit s0 to an upper limit sp in a large region of s. For a
series of integration intervals (fixed s0 and various sp), the
equation Xc
abs = R × K can be solved by determining the series
of K(sp) values, which yields Xc
abs constant for a given D
function (k value).33,48,49 The interval used by Ruland is [s0 −
sp] = [0.1 − 1.25], it corresponds to 2θ ∈ [9, 150°] for copper
radiation. This very large required angular range explains why
this method is not easily and commonly used.
The Ruland method was then simplified, adapted to a
smaller 2θ range [5, 60°], and applied to other polymers.43,50,51
Instead of solving the equation Xc
abs = R × K for various
integration intervals and various k values, Vonk proposed a
graphical method where 1/R(sp) is plotted versus sp
2. This curve












As already mentioned, the acquisition of WAXS spectra with
the wide s range used by Ruland and Vonk is not easy to
achieve experimentally. Nevertheless, crystallinity can be
estimated with reasonable accuracy using the limited s range
[0.1−0.66] that corresponds to 2θ ∈ [9, 60°] with the copper
radiation.50,51 In this work, as the angular range is [5, 62°], the
same approximation was applied and Xc
abs and k were calculated
for the PEKK films used herein. The results are gathered in
Table 2. The procedure used in the present study is described
Figure 3. Results of the quantitative analysis. (a) Film cold-crystallized at TC = 180 °C, amorphous halo in gray, Bragg peaks of form I in red and
form II in green, the nonresolved form I/II are in dark gray, and the blue line corresponds to the sum of the amorphous halo and sharp peaks. (b)
crystallinities (total and relative to each form I and form II) evolution with TC. Dotted lines are guides to the eye.
Table 2. Quantitative Data Deduced from WAXS Analysis:
Crystallinity χc
w and Form I Fraction ΦI from the Peak-
Fitting Method and Xc












w ΦI Xcabs k Xcabs k
CC180 0.12 0.46 0.105 1.9 0.115 3.1
CC200 0.15 0.28 0.14 2.6 0.15 3.8
CC230 0.185 0.02 0.17 2.7 0.18 3.8
CC250 0.15 0.07 0.14 2.4 0.15 3.6
CC280 0.14 0.47 0.11 1.6 0.12 2.5
MC280 0.11 1.0 0.11 1.7 0.12 2.5
CC280b 0.10 0.95 0.09 0.9 0.10 1.35
aCrystallization conditions: CC for cold crystallization and MC for
melt crystallization. bSample cold-crystallized at 280 °C after a
heating ramp of 50 °C/min to reach 280 °C (See Figure 4).
and illustrated in the Supporting Information (Figure S2 and
Table S1). Even if the k values estimated from the two
methods33,43 are not exactly the same, their evolutions as a
function of TC are similar. The highest k values are observed
for the crystallization temperatures around 200−230 °C. The
crystallinity calculated with the Ruland method33 is slightly
lower than with the Vonk−Ruland method.43
Crystallinities measured with the three methods are very
similar (Table 2 and Figure S3), although they originate from
different calculations. In all methods, WAXS spectra are
acquired in the same angular range (relatively large). However,
in the peak-fitting method, contrary to the Ruland method,
polarization, absorption, and Lorentz corrections were not
applied. In addition, WAXS spectra were not normalized in
absolute units and the incoherent diffusion was not subtracted.
Only a linear baseline was subtracted, and the crystalline and
amorphous contributions were separated by fitting the whole
WAXS spectra with broad and sharp peaks. Constraints were
applied on the broad peaks to control the shape of the
amorphous phase and on the sharp peaks in agreement with
the cell parameters and to maintain the intensity ratio and
width of some specific Bragg peaks as much as possible.
Besides its ease of use, the peak-fitting method, even if it is not
≪absolute≫, also provides the relative amount of each
crystalline form, I and II, as well as their interplanar distances.
Their cell parameters can thus be deduced.
Regardless of the method used for the crystallinity
calculation, values between 11 and 19% are measured. These
values are low compared to the crystallinity deduced from DSC
measurement29 for the PEKK copolymer with the same T/I
ratio (60/40) (around 20−28%) or from WAXS for PEEK
(26−32%)52 and PEKK (22−35%).47 Comparison with DSC
measurements will be discussed later. In WAXS experiments,
differences in the calculated weight crystallinity with values
read in the literature are mainly due to the angular range (2θ)
used for this calculation. In PEEK and PEKK literature
studies,52,47 the often-used angular range [10, 35°] is very
narrow compared to the very wide range [8, 150°] used in the
Ruland method. In the present study, the integrated intensities,
Ac and At, were calculated over a relatively wide 2θ range, from
5 to 60°, with a linear subtracted baseline, defined at the
intensity level at 5 and 60°. In this range, all of the sharp
diffraction lines and the three amorphous broad lines were
taken into account; the crystallinity was thus calculated as
18.5% (TC = 230 °C, Figure 2b). Considering the 2θ range
[10, 35°] used in the literature and a baseline defined at the
limits of this restrained domain, the calculated crystal ratio is
27%, which is significantly overestimated due to an under-
estimation of the amorphous contribution. This value is
comparable to the crystallinity measured on PEEK52 (27%)
and PEKK47 (26%) for the same 2θ range [10, 35°].
Discussion on the relationship between the angular range,
baseline, and crystallinity, is reported in the Supporting
Information (Figure S4).
3.2. Heating Rate to the Crystallization Temperature.
As it has been shown previously, the crystallization process of
PEKK significantly influences the final crystalline structure, i.e.,
form I or form II. In the literature, this point is qualitatively
reported for the three main crystallization methods: crystal-
lization from the melt, cold crystallization, and solvent-induced
crystallization.20,22,53 As observed in this study (Figure 2) and
also in the literature, form I is often found after melt
crystallization, while a mixture of form I and form II is
obtained after cold crystallization.20 Isothermal crystallization
kinetics was also studied for this specific PEKK grade (T/I =
60/40). The crystallization rate is slow with a characteristic
time of the order of few minutes. The fastest crystallization is
observed at around 230−240 °C.22,54
In Section 3.1, crystallizations were conducted in a
ventilated oven with a moderate heating rate (around 15
°C/min) to reach TC. To simulate the heating up, DSC traces
were recorded on amorphous films during heating at 10, 20,
and 50 °C/min (Figure S5). Significant exotherms were
detected above 225 °C during heating at low heating rates, 10
and 20 °C/min (Figure S5), but no crystallization peak was
observed below 225 °C. Crystallization in the ventilated oven
during heating up to 180, 200, and 230 °C can then be ruled
out. However, for higher temperatures, typically 280 °C, a
possible crystallization during heating can be suspected. To
study the effect of the heating rate on the form I/form II
composition, the samples crystallized at 230 °C (and 280 °C)
in the DSC oven were also prepared. The isotherm at 230 °C
(and 280 °C) in the DSC oven was limited to 4 h (instead of
24 h in the ventilated oven) and various heating rates, from 5
to 50 °C/min, were applied to reach TC. The crystallized
samples were taken out of the DSC pan and analyzed with X-
ray to quantify the amounts of form I and form II. The results
are reported in Supporting Information Figure S6. As expected,
the crystallization at 230 °C was not significantly affected by
the heating rate to reach the crystallization temperature. Less
than 3% of form I was measured regardless of the protocol
used. On the other hand, for samples crystallized 4 h at 280 °C,
the relative amount of form I increases from 18 to 95% for
heating rates ranging from 5 to 50 °C/min. For low heating
rates, 20 °C/min and lower, the samples crystallize during
heating, while at 50 °C/min, no significant crystallization
appears during heating (also observed in Figure S5). Thus, the
significant amount of form II obtained for the heating rate
lower than 50 °C/min was due to the high crystallization rate
of form II at around 240 °C for cold crystallization.54 If the
amount of form I obtained after the crystallization in the oven
at 280 °C is reported on the graph of Figure S6, the heating
rate can be deduced and estimated around 15 °C/min. This
heating rate estimation appears consistent with the protocol
used (see the Section 2) and explains why a high amount of
form II was observed after cold crystallization at high
temperatures (Figure 3b). Tuning the heating rate to reach a
crystallization temperature as high as 280 °C is a simple way to
promote the crystallization into a mixture of form I and form II
with a well-defined amount of each form (Figure 4).
Figure 4. Crystallinities, total and relative to form I and form II,
versus the heating rate to reach the cold-crystallization temperature
TC = 280 °C. Dotted lines are guides to the eye.
3.3. Crystalline Lamellae, SAXS Spectra. SAXS spectra
for all of the films are reported in Figure 5a. Apart from the as-
received film, a correlation peak for all of the crystallized films
is observed. This unique peak reveals a periodic organization
between the two phases of significantly different electron
densities. The respective densities of the two crystal form I and
form II are very close (1.35 and 1.38 g/cm3, respectively),
calculated from the two volumes of crystal cells (1477 and
1438 Å3 for form I and form II, respectively, according to
Table 1). On the other hand, these densities differ significantly
from the amorphous density measured at 1.27 g/cm3.35 Thus,
the correlation peak observed in Figure 5a must be due to the
difference in density between the crystalline lamellae and the
amorphous phase. However, the nature of the crystalline
lamellae (form I and/or form II) cannot be discriminated. This
peak, which is characteristic of the periodic organization of the
crystalline lamellae, evolves in position and shape with TC.
From these spectra, the correlation function of the electronic
density K(z) was calculated. The long period LP was deduced
from the position of the first maximum of K(z), and the
thickness of the crystalline lamellae LC was measured at the
intersection between the two tangents, as shown in Figure 5b,
for the film crystallized at TC = 230 °C. The evolutions of LP
and LC are reported in Figure 5c. At first, the increase of the
long period LP, as a function of TC, is slow (from 110 Å at TC =
180 to 120 Å at TC = 230 °C), then more pronounced up to
170 Å at TC = 280 °C. On the other hand, the thickness of the
crystalline lamellae, LC, increases slowly from 24 to 39 Å in the
whole TC range. LC corresponds to the crystal size along the
chain direction. The ratio of these two lengths, LC/LP,
corresponds to the overall volume crystal ratio provided that
all of the amorphous phases is located between the crystalline
lamellae periodically organized. The thickness of this
amorphous interlayer is La = LP − LC. This thickness evolves
from 86 to 131 Å. The ratio LC/LP (Figure 5c) and the weight
crystallinity χc
w (Figure 3b) appear to evolve similarly. This
point will be discussed later.
3.4. Melting of the Crystalline Phases, DSC. Another
classical way to study the crystalline state of the films is by
thermal analysis (DSC experiments). First heating traces
recorded with a rate of 10 °C/min are reported in Figure 6 for
as-received and cold-crystallized samples. The arrows indicate
the crystallization temperature. For all of the crystallized
samples, a glass transition Tg was observed at around 160 °C,
followed by multiple endotherms.
For the as-received amorphous film, the glass transition is
measured at 158 °C, an exotherm of crystallization is observed,
followed by a melting endotherm. A slight increase of the glass
transition is observed for the samples crystallized at 250 and
280 °C, with respective values of 159 and 160 °C. This
increase is more pronounced for lower TC, glass transition
temperatures at 161, 162, and 163 °C are measured for
Figure 5. SAXS data for the different crystallization temperatures TC.
(a) Superposition of the SAXS spectra in the logarithmic scale. (b)
Correlation function of the electronic density K(z) for TC = 230 °C
with the determination of LP and LC. (c) Long period LP (black
square solid), crystalline lamellar thickness LC (blue triangle up solid),
and the ratio LC/LP (red circle solid) for TC from 180 to 280 °C.
Dotted lines in (c) are guides to the eye.
Figure 6. First heating at 10 °C/min recorded on amorphous and
cold-crystallized films. The colored arrows indicate the crystallization
temperature TC. On the left, the dotted lines indicate the glass
transition Tg. On the right, the dash-dotted line indicates the offset
melting temperature, Tm
offset. The star (*) indicates the higher
temperature contribution of the endotherm, possibly associated with
the form I melting (see the Discussion section). Dashed lines are
guides to the eye, indicating the baseline used for the enthalpy
calculation.
respective crystallization temperatures of 180, 200, and 230 °C.
Tg seems to be maximum for crystallization at 230 °C
(Tg
amorphous film + 5 °C). This may be due to the faster
crystallization kinetics at this temperature.22,54 This increase of
Tg for the crystallized films, as compared to the amorphous
one, has already been observed for PEKK.47 It is attributed to
the constraints imposed by the crystalline lamellae on the
amorphous chain mobility. This positive offset decreases with
the increasing crystallization temperature as reported for
various PEKK with the T/I ratio 100/0, 70/30, and 60/40.47
For crystallization at TC = 180 and 200 °C, a small and well-
defined melting endotherm is detected at TC + 20 °C. The
temperature of this endotherm named Tm
Low will be discussed
later in the Section 4. At higher temperatures, a double
endotherm with respective minima at around 283 and 305 °C
was observed. For higher TC, the small endotherm at Tm
Low
merges with the high-temperature melting endotherm. The
shape of the melting endotherm is completely modified for TC
≥ 230 °C. Regardless of its shape, the end of the endotherm at
high temperatures defines an offset temperature Tm
offset varying
from 320 to 330 °C, for TC varying from 180 to 280 °C.
Since the WAXS study of these films evidenced their
polymorphism (crystalline form I and form II), it was
interesting to qualitatively identify the contribution of each
crystalline form to the melting endotherm. To this end, in situ
WAXS experiments were performed during a heating ramp at
the same heating rate as in DSC (10 °C/min). These
experiments were run at the Soleil synchrotron facility (Saclay,
France).
3.5. Melting of the Crystalline Phases, In Situ WAXS.
Two films, cold-crystallized at 230 and 180 °C, having different
polymorphic compositions to assess the different melting
endotherms of the crystalline forms were selected. Figure 7
shows the evolution of the diffraction patterns of these films
between 160 and 335 °C (three-dimensional, 3D representa-
tion in (a) and (b) and 2D projection in (a′) and (b′)). Due to
the beamline wavelength used to collect these WAXS spectra,
the Bragg peaks are at scattering angle positions at roughly half
the position detected with the Cu Kα radiation. On these
spectra, it is noteworthy that two peaks are singular for the two
forms (d020
II at 2θ = 7.8° for the form II and d110
I at 2θ = 9.3° for
the form I). The 230 °C film shows only characteristic peaks of
form II, whereas the 180 °C film shows both form I and form
II peaks.
As the temperature increases, the intensity of all of the peaks
remains more or less constant for a certain temperature range
and then it starts to decrease to reach the amorphous state,
identified by a wide halo. A single plateau is clearly observed in
Figure 7a, while two stages are observed in Figure 7b, the slight
decrease of the Bragg peak intensities observed at 200 °C for
Figure 7. In situ WAXS diffraction patterns of PEKK films cold-crystallized at 230 °C (a)−(a′) and 180 °C (b)−(b′) heated between 160 and 335
°C at a heating rate of 10 °C/min. In the 2D representations (a′) and (b′), the arrows indicate the melting offset of the two crystalline forms, form I
and form II.
the film crystallized at 180 °C is probably associated with the
low melting endotherm observed at 200 °C in this sample. In
Figure 7a′, for the film crystallized at 230 °C, the Bragg peaks
associated with the form II totally disappear at ca. 300 °C. A
similar melting behavior can be detected for the film
crystallized at 180 °C in Figure 7b′, where form II peaks
disappear at ca. 295 °C (the d020
II peak), while the peak of
form I, d100,
I disappears at higher temperatures, ca. 320 °C. The
slight difference (less than 5 °C) in the offset melting
temperature of the d020
II peak between the 180 and 230 °C
films may be due to the difference in the lamellar thickness of
the form II crystals in these two films. This point will be
discussed in the last part of the Section 4. These data indicate
that the form II melts at lower temperatures than the form I
and that there is no transition of form II to form I for these
cold-crystallized PEKK materials.
4. DISCUSSION
Up to now, it was shown that starting with an amorphous
sample of PEKK and using a ventilated oven, PEKK can
crystallize at various crystallinities and various amounts of form
I and form II. The crystalline structure and the lamellae
morphology were characterized using WAXS, DSC, and SAXS.
Applying the peak-fitting quantification method to WAXS
spectra, the total weight crystallinity χc
w as well as the
crystallinity of each crystalline form were thoroughly
quantified. Data on the evolution of crystal lattices were also
obtained. The next section will be focused on the global
analysis of WAXS, SAXS, and DSC experiments, which can
lead to precise and important information on the structure and
morphology of PEKK. This includes the interpretation of the
various melting temperatures and the calculation of the melting
enthalpy ΔHm100% of a 100% crystallized PEKK. The evolution
of the cell parameters (form I and form II), the absolute
crystallinity χc
w, the crystalline lamellar thickness (LC), and
periodicity (LP) with TC will be quantified and discussed.
4.1. Melting Temperatures of the Two Crystalline
Forms (WAXS and DSC). Melting endotherms with multiple
peaks observed for this PEKK copolymer are intricate to
interpret. In the temperature range from the glass transition
(around 160 °C) to 350 °C, almost three endotherms can be
identified.
The first one appears approximately 20 °C above the
crystallization temperature. This small lower temperature
endotherm is largely reported and studied for PEEK52,55−57
and PEKK.22,29 Although widely studied, its origin is not yet
established even if various interpretations were advanced, e.g.,
the melting of a secondary structure within the spherulite22,29
or the melting and reorganization of thin crystalline
lamellae.52,55,56 More recently, Marand et al. demonstrated
that the multiple melting phenomena observed in PEEK are
not explained by the melting−recrystallization−remelting
concept but by the melting of secondary crystals.57 These
inter-lamellar secondary crystals appear in the constrained
amorphous phase after annealing above the glass transition.
They are described as bundled chain crystals (or fringed
micellar crystals) of limited lateral dimensions. Interesting
correlations between the small crystal formation and the
“physical aging” observed after annealing below the glass
transition were discussed by the same authors.58 Their
interpretations are based on DSC experiments, specifically on
the effect of the heating rate on the melting behavior of melt
and cold-crystallized PEEK.57 The heating rate dependence of
the low endotherm temperature (Tm
Low) is the same for melt
and cold-crystallized samples: Tm
Low increases with the heating
rate. On the other hand, the temperature of the high
endotherm, Tm
High, decreases for the cold-crystallized samples,
while it remains unaffected for the melt-crystallized sample.
They concluded that the low and the high-temperature
endotherms are associated with different populations of
crystals and that the evolution of Tm
High after cold crystallization
suggests the melting−recrystallization−remelting process
during heating.
For PEKK, the melting endotherm, at higher temperatures,
is not a single peak as it is for PEEK but a double one, and
hence, the three endothermic peaks are observed in Figure 6.
The thermogram of the sample cold-crystallized at 200 °C
exhibits three well-defined endotherms. A heating rate study,
according to Marand et al.,57 was performed on this sample to
explain and identify the multiple endotherms of PEKK.
Heating traces at various heating rates are reported in Figure
S7. When the heating rate was increased from 2.5 to 40 °C/
min, a significant increase of Tm
Low (Figure S7) was observed
along with a decrease of the temperature of the double high-
temperature endotherm (Figures S7 and S8b). The two
components of this high-temperature endotherm evolved in
the same way with the heating rate, which can be interpreted
by a reorganization during heating of two independent
crystalline forms (form I and form II) without clear evidence
of a transition between these two crystalline forms. The
dependences of the low melting temperature, Tm
Low, with the
heating rate and the crystallization time are reported in Figure
S8a,c. These two evolutions of Tm
Low are close to those observed
by Marand et al.57 for PEEK. It was thus concluded that the
first endotherm peaks located at Tm
Low in PEKK are associated
with the melting of secondary fringed micellar crystals formed
during the crystallization process in the constrained
amorphous phase. The small abrupt decrease of intensity
observed in Figure 7b, and highlighted by the black dotted line,
could be associated with the melting of these secondary
crystals. On the other hand, the high-temperature double
endotherm is associated with the melting of the primary
crystals. Reminding that form II melts before form I (WAXS in
situ experiments Figure 7), we propose that the first high-
temperature endotherm (around 280 °C) is mainly associated
with the melting of form II, while the second one (around 290
°C) is associated with the melting of form I.
The spatial distribution of crystal form I and form II within
crystal lamellae remains uncertain. It is not known whether the
two crystal forms, form I and form II, coexist in each lamella or
whether crystalline lamellae of each form coexist. In the same
way, it is not obvious to precisely separate the contributions of
form I and form II in the high-temperature double endotherm
and to extract their relative fractions. Figure S9 compares the
DSC traces of PEKK crystallized in form II (CC at TC = 230
°C) and form I (MC at TC = 280 °C), while WAXS spectra, of
these two samples, are reported in Figure 2b,d. The melting
endotherms of each pure crystalline form show a multiple peak
behavior in the same temperature range, around 290 °C
(Figure S9). For films cold-crystallized at higher temperatures,
e.g., 250 and 280 °C, the shape of the endotherm is even more
complex as it incorporates the low-temperature endotherm
peak. It seems reasonable, however, to associate the part of the
endotherm marked with a star in Figure 6 with the melting of
the form I. Indeed, this part of the endotherm seems to evolve
in the same way as the amount of form I deduced from the
WAXS experiments (Figure 3b). All of these data (DSC and
WAXS) confirm that form I is more stable than form II.22,23
Differences in the phenyl−phenyl interactions between the
closest chains in the different crystals are reported in the
literature, with edge-to-face interactions in form I and face-to-
face in form II.22 The energy differences that depend on the
substituent are not easy to estimate between the perpendicular
and parallel cycle stacking.59 Distances between the closest
chains in the two crystal forms, form I and form II, are
significantly different ((a2 + b2)1/2 ∼ 4.9 Å in form I and a ∼
4.2 Å in form II, see Figure S1) and they have an impact on the
respective perpendicular and parallel cycle stacking energies. It
is thus not obvious that this kind of argument can explain the
thermal stability of the two crystalline forms.
4.2. Crystallinity Evolution (WAXS, SAXS, and DSC). In
a semicrystalline polymer, SAXS, WAXS, and DSC are often
used to study the fraction of the crystalline phase. With SAXS,
the periodic organization of the crystalline lamellae can be
observed and the period LP can be measured. Using the model
developed by Strobl and the calculation of the electron density
correlation function,45 the thickness LC of the crystalline
lamellae can then be deduced. LC/LP corresponds to the
volume ratio of the crystalline lamellae in the lamellar stacks.
This ratio can be compared to the volume crystalline fraction if
the entire amorphous phase is located in the lamellar stacks.
Using the diffraction spectra recorded through WAXS, the
crystal structure was deduced and the weight crystallinity χc
w,
which depends on the weight of atoms organized in the
crystalline planes, was calculated. LC/LP and χc
w are reported in
Figure 8 for the various TC. They were measured at room
temperature and they should obey the following relationship
ρ ρ χ= ·L L( / ) ( / )C P c c
w
where ρ is the electronic density of the whole material
(including both amorphous and crystalline fractions) and ρC is
the electronic density of the crystalline phase. As the material is
not fully crystallized, the following inequality stands: ρ/ρc < 1.
Yet, in Figure 8, it is shown that LC/LP > χc
w regardless of the
crystallization temperatures. This is an indication that the
amorphous phase is also located outside of the lamellar stacks,
either as amorphous pockets between bundles of lamellae
within the spherulites, as often observed in polymer blends60,61
or as the interspherulitic amorphous phase. LC/LP measures
the volume crystallinity inside the lamellar stacks, which should
not be considered as a macroscopic value for the entire sample.
With the DSC experiments upon the first heating, the
enthalpic signals, exotherm, and endotherm were measured
and associated with the crystallization and the melting of the
crystalline content, respectively. As previously discussed, the
endothermic event is broad, from TC + 20 to 320 °C. The
integration of the endotherm corresponds to the enthalpy,
ΔHm, required to melt the amount of crystalline phases that
exist at the melting onset, consisting of all of the crystals,
secondary and primary, and both crystalline forms, form I and
form II. In Figure 8, the evolution of ΔHm with TC is reported.
These three sets of data, LC/LP, χc
w, and ΔHm, evolve in a
similar way with the crystallization temperature (Figure 8).
They show a maximum at around 230 °C, meaning that the
crystallization efficiency is optimal at this temperature.
From these data, the melting enthalpy ΔHm100% of a 100%
crystallized PEKK can be calculated. Although the use of this
quantity, ΔHm100%, to calculate crystallinity from DSC measure-
ments is debatable,62−64 it is widely used. Indeed, one of the
critical points is that the crystalline state of the polymer
(thickness of lamellae, crystallinity, density, etc.) just before
melting is not necessarily the same as that of the polymer at
room temperature at which the densities or crystallinities are
measured by WAXS. To the best of our knowledge, no
experimental value was published for PEKK. A value of 150 J/g
(45 kJ/mol in ref 65) was calculated from molecular dynamics
simulations for a PEKK 60/40.65 However, the only used
ΔHm100% values are those published for PEEK.63,19,66,67 The
most often-referred value is 130 J/g,19 calculated from WAXS
(crystallinity estimated in the range 2θ ∈ [10, 36°], without
any correction), density, and DSC experiments. Two higher
values of ΔHm100% for PEEK were calculated from two
independent methods, 165 J/g, from density and DSC67 and
(161 ± 20) J/g from pressure−volume−temperature (PVT)
experiments using the Clapeyron equation.66
The ΔHm100% value evaluated in the present work, ∼200 J/g,
is the first experimentally estimated value for the PEKK
polymer, and this value is obtained through the peak-fitting
method on a PEKK 6002 (T/I ratio of 60/40) crystallized in a
mixture of form I and form II. Figure S10 compares the
ΔHm100% values calculated with the three WAXS treatments
used in this study, and values 211 and 226 J/g are calculated
with the Ruland methods. It was concluded that a value
ΔHm100% = (202 ± 20) J/g is a reliable estimation to calculate
the room temperature crystallinity of PEKK 60/40 from DSC
measurement.
The PEEK value of 130 J/g was deduced from a WAXS
crystallinity calculated without any corrections in a range of 2θ
∈ [10, 36°].19 We have shown in Section 3.1 that the use of
this restrained 2θ range leads to an overestimation of the
crystallinity. Therefore, this often-used 100% melting enthalpy
of PEEK (130 J/g) is most probably underestimated. We can
speculate that the 100% melting enthalpies of PEEK and PEKK
are probably close, around 200 J/g. Specific WAXS and DSC
experiments on PEEK are needed to conclude on this point,
which is out of the scope of the present study.
4.3. Cell Parameters and Crystallization Temper-
atures. From the WAXS spectra analysis (Figure 2), the
interplanar distances, d110
I and d200
I of form I and d020
II and d110
II
Figure 8. Various crystal parameters, LC/LP from SAXS, χc
w from
WAXS, and ΔHm from DSC as a function of TC. Dotted lines are
guides to the eye.
of form II, were calculated. Thus, for each crystallization
temperature, and using the general expression of dhkl, the cell
parameters ≪a≫ and ≪b≫ of crystalline form I and form II
can be calculated. The evolution of these cell parameters with
the crystallization temperature TC is reported in Figure 9.
Cell parameters are calculated only for crystalline forms that
show an amount greater than 10%. It appears that the ≪a≫
parameter is more sensitive to the crystallization temperature
than the ≪b≫ parameter. The ≪a≫ parameter decreases
when TC increases, while the ≪b≫ parameter remains almost
constant. Anisotropic dimensional changes have been reported
for PEEK, PEKK (100% T), and PEKK (100% I) melt-
crystallized in form I. The explanation could be that the chain
folding occurs along the ≪a≫ direction.17 As the crystal-
lization temperature increases, the chains would stack closer
than at low temperatures since the crystallization would be less
chaotic at high temperatures. The ≪a≫ parameter would thus
decrease, whereas the ≪b≫ parameter would be insensitive to
this stacking modification. Here, the same evolution for PEKK
(T/I = 60/40) cold-crystallized can be observed, regardless of
the crystal form.
4.4. Thickness and Periodicity of the Crystalline
Lamellae (SAXS and DSC). In Figure 5c, it is shown that
the crystalline lamellar thickness, LC, increases continuously
with the crystallization temperature. In Figure 7, the offset
melting temperature of form II crystallized at 180 °C is 5 °C
lower than that of the sample crystallized at 230 °C. This
temperature shift can be due to the different crystalline
lamellar thickness, respectively, 24 and 31 Å measured for TC
180 and 230 °C (Figure 5c). On the DSC thermograms, a
slight increase of the highest melting temperature peak,
referred by the star (*), and of the offset melting temperature,
Tm
offset, with the crystallization temperature (Figure 6), can also
be measured. All of these observations are in line with
observations reported in the literature for other semicrystalline
polymers, which establish a relationship between the
isothermal crystallization temperature TC, the melting temper-
ature Tm, and the thickness of the crystalline lamellae LC.
68−70
In these publications, the authors have shown that, for solvent
or melt-crystallized samples, the thickness of the crystalline
lamellae is defined by the crystallization temperature, and a
linear relationship is observed between TC and LC
−1.
In Figure 10, TC is plotted versus the inverse crystal
thickness for all of the crystallization temperatures used. We
did not plot the melting line, Tm versus LC
−1, because this
latter line must be constructed with the lamellar thickness just
before the final melting.70 This latter data requires to conduct
temperature-dependent SAXS experiments that may show a
possible lamellar thickening process.
In Figure 10, all of the experimental points, from
crystallization either in the ventilated oven or in the DSC
oven, seem relatively well aligned, regardless of the crystal
form. It is not known whether the two crystal forms coexist in
each lamella or whether crystalline lamellae of each form, form
I and form II, coexist. But in any case, a linear relationship
between TC and LC
−1 is observed for all of the cold-crystallized
PEKK samples. It therefore appears that the heating rate to
reach the crystallization temperature does not significantly
influence the thickness of the crystalline lamellae but defines
the nature of the crystalline phases inside these lamellae.
5. CONCLUSIONS
A quantitative structural study of the cold crystallization of
amorphous PEKK (T/I = 60/40) crystallized at various
temperatures, ranging from 180 to 280 °C was presented. This
study was conducted using SAXS−WAXS and DSC experi-
ments. The formation of crystalline lamellae, with thickness LC,
periodically organized was observed. The thickness of the
crystalline lamellae, the crystalline forms nature, and their
Figure 9. ≪a≫ and ≪b≫ cell parameters of the crystalline form I
and form II for various TC. For each cell parameter, the full scale
represents a relative variation of 8%.
Figure 10. Dependence of the crystallization temperature TC on the
inverse crystalline lamellar thickness, LC
−1. The dotted line is a guide
to the eyes.
amounts evolve with the crystallization temperature. These
various structural and morphological states lead to different
thermal behaviors observed by DSC.
The peak-fitting method used in this study to analyze the
WAXS spectra was described in detail. This method requires
the subtraction of a baseline. The choice of the angular domain
is therefore critical and it was shown that a relatively wide
angular range 2θ ∈ [5, 60°] is necessary. With this angular
range, the calculated total weight crystallinities, χc
w, are in very
good agreement with the absolute crystallinities deduced from
the Ruland method. In addition, contrary to the Ruland
method, this peak-fitting method provides quantitative
information on each crystalline phase, the weight crystallinities
(χcI
w and χcII
w ), the interplanar distances, and the cell parameters.
Thanks to this quantification method applied to WAXS
spectra, significant evolution of ΦI, from 46 to 2% (χcIw from 6
to 0.4%) and of χc
w, from 12 to 19%, for crystallization
temperatures varying from 180 to 230 °C, was observed. By
controlling the heating rate to reach an isotherm at 280 °C
(from 5 to 50 °C/min), the amount of form I, ΦI, can also be
monitored (from 20 to 95%). This quantitative result is very
important for selecting the nature and the amount of
crystalline phases in a PEKK material.
A linear decrease of the inverse crystalline lamellar thickness
LC
−1 with the decreasing crystallization temperature TC was
observed. This evolution, frequently reported for crystallization
from the melt, is observed here for cold crystallization.
Moreover, an anisotropy in the cell parameter dependence
with TC was also noticed. This highlights the anisotropic
growth of the crystalline lamellae and indicates that the chain
folding occurs along the ≪a≫ direction in PEKK (T/I)
crystallized in form I and form II, as already observed for form
I in PEEK, PEKK(T), and PEKK(I).
From our WAXS and DSC experiments, for the first time,
the enthalpy of a 100% crystallized PEKK copolymer (T/I =
60/40) was estimated: ΔHm100% = (202 ± 20) J/g.
The procedure used for crystallization in a ventilated oven
highlights the particular influence of the thermal history and
crystallization kinetics on the crystalline forms. This is an
important piece of information for applications when the
processing time does not allow to reach the required final state
of crystallization as, for instance, in injection molding, in
powder or extrusion coating, or fused filament fabrication (3D
printing). The crystalline forms and overall crystallinity can
therefore evolve during subsequent processing steps, thermal
treatment, and use at T > Tg, inducing evolution in the
mechanical properties of PEKK parts.
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